Diabetic hyperglycemia increases ischemic brain damage in experimental animals and humans. The mechanisms are unclear but may involve enhanced apoptosis in penumbral regions. Estrogen is an established neuroprotectant in experimental stroke. Our previous study demonstrated that female diabetic db/db mice suffered less damage following cerebral hypoxia-ischemia (H/I) than male db/db mice. Here we investigated the effects of diabetes and estrogen apoptotic gene expression following H/I. Female db/db and nondiabetic (+/?) mice were ovariectomized (OVX) and treated with estrogen or vehicle prior to H/I; brains were analyzed for damage and bcl-2 family gene expression. OVX increased ischemic damage in +/? mice; estrogen reduced tissue injury and enhanced antiapoptotic gene expression (bcl-2 and bfl-1). db/db mice demonstrated more damage, without increased bcl-2 mRNA; bfl-1 expression appeared at 48 hours of recovery associated with infarction. To our knowledge, this is the first description of bfl-1 in the brain with localization to microglia and macrophages. Early induction of bfl-1 expression in +/? mouse brain was associated with microglia; delayed bfl-1 expression in diabetic brain was in macrophages bordering the infarct. Furthermore, estrogen replacement stimulated early postischemic expression of bcl-2 and bfl-1 and reduced damage in normoglycemic animals but failed to protect the diabetic brain.
Introduction
Diabetes is a recognized risk factor for stroke and frequently enhances tissue damage once an ischemic insult has begun. Diabetic stroke patients have increased mortality and prolonged recovery time relative to nondiabetics (1) . Postmenopausal diabetic women represent a specific at-risk group with a greater incidence of stroke as compared with age-matched men or nondiabetic women (2, 3) . It has been suggested that the loss of female reproductive steroids in some manner potentiates the neurologic complications of diabetes; however, there are no studies to either support or refute a unique pathophysiology of stroke in diabetic women.
We previously examined the impact of diabetes and gender on cerebral metabolism and tissue damage following cerebral hypoxia-ischemia (H/I) in a genetic model of type 2 diabetes, the db/db mouse (4) . The db/db mouse has a point mutation in the gene for the leptin receptor, resulting in a truncated, nonfunctional protein (5, 6 ) that produces a phenotype of diabetic hyperinsulinemia and hyperglycemia (7) . Diabetic hyperglycemia exacerbates mortality and ischemic brain damage in both male and female mice; the females exhibit smaller infarcts than their male counterparts, indicating a neuroprotective effect of estrogen in diabetic as well as control mice (4) .
The neuroprotective effects of estrogen in experimental models of stroke are complex and involve both vascular and nonvascular effects (for review see Hurn and Macrae [ref. 8] ). Our previous study demonstrated that end-ischemic cerebral blood flow (CBF) was not different between male and female diabetic mice (4) . Therefore, in the present study, we focused on one of the several established nonvascular mechanisms of estrogen action, specifically a reduction in delayed cell death by bcl-2-mediated antiapoptotic activity (9, 10) . Since it has long been suggested that diabetes increases the extent of ischemic damage by converting selective neuronal death in the penumbra into infarction Estrogen stimulates microglia and brain recovery from hypoxia-ischemia in normoglycemic but not diabetic female mice (11) (12) (13) , we hypothesized that increased apoptosis contributes to infarct expansion in diabetes and that female diabetic mice may be protected in part via a bcl-2-mediated antiapoptotic mechanism.
The purpose of this study was to examine the effects of exogenously administered estrogen on the expression of bcl-2 and its family members following cerebral H/I in female db/db mice. Estradiol increased bcl-2 expression, and decreased damage, in nondiabetic +/? female mice; however, there were no comparable responses in the diabetics. In addition, we observed the induction of a novel antiapoptotic member of the bcl-2 family, bfl-1, in microglia and macrophages in postischemic brains of both +/? and db/db mice. Bfl-1 expression in brains of normoglycemic mice was induced early in reperfusion (8-24 hours) , was stimulated by estradiol treatment, and was localized to microglia. In contrast, bfl-1 was not induced in the diabetic brains until 48 hours of reperfusion, was not affected by estradiol treatment, and was localized to cells surrounding the largely infarcted tissue, primarily macrophages. We propose that the early microglial response following cerebral ischemia is neuroprotective and suggests another mechanism for estrogen action. In addition, failure to elicit this response in the diabetic may contribute to the exacerbation of brain damage.
Methods
Animals. Female C57BL/KsJ db/db mice and nondiabetic littermates (+/?) were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA) at 4 weeks of age. To avoid hormonal variations due to the estrus cycle, all mice were subjected to bilateral ovariectomy (OVX) (14) at 5 weeks of age. One week later, mice received 5 µg 17-β estradiol (E) (Sigma-Aldrich, St. Louis, Missouri, USA) in 0.1 ml sesame oil (Sigma-Aldrich) intraperitoneally for a period of 12 days; controls received an equal volume of vehicle. Plasma estradiol levels were determined by RIA (DSL-39100; Diagnostic Systems Laboratories Inc., Webster, Texas, USA). At 8 weeks of age, animals were subjected to unilateral cerebral H/I (8% O 2 /balance N 2 , 20 minutes, 36.5°C) as previously described (4) . Briefly, animals were anesthetized with halothane (4% in 70% N 2 O:30% O 2 ), and a small incision was made in the neck. The right carotid artery was exposed and double-ligated with 4-O surgical silk, the incision was sutured, and the animals were allowed to recover with access to food and water for 3 hours. Systemic hypoxia was induced by exposure to 8% O 2 /balance N 2 in temperature-controlled glass chambers (35.5°C). At the end of the 20-minute hypoxic interval, animals were allowed to recover and returned to their cages with free access to food and water, supplemented with 5% (wt/vol) glucose. The combination of unilateral carotid artery ligation with systemic hypoxia produces ischemia (50-60% reduction in normal CBF) in the hemisphere ipsilateral to the ligation. Because CBF is restored to normal upon return to normoxic conditions, this is a model of transient unilateral cerebral ischemia, which produces reproducible brain damage in the ipsilateral, but not the contralateral, hemisphere (4) .
At specific intervals of recovery from H/I (i.e., reperfusion following return to normoxia), animals were sacrificed and brains were removed and cut coronally into four 2-mm sections. These sections were frozen in isopentane (-40°C), and 16-µm cryosections were cut from each side for histology and in situ hybridization studies. To determine infarct fraction, cryosections were stained with H&E, and hemispheric and infarct areas were analyzed with the NIH Image 1.64 image-analysis program. Infarct fraction was calculated as the percentage of the ratio of the damaged area to the area of the total hemisphere with correction for hemispheric swelling due to edema, as previously described (4): infarction (%) = ([damaged area/(1 + [total ipsilateral area -contralateral area]/contralateral area)]/ contralateral area) × 100. Temporal-parietal cortex, striatum, and hippocampus (ipsilateral and contralateral) were dissected from the remaining tissue for RNA isolation and analysis. All animal protocols were approved by the Pennsylvania State University College of Medicine Institutional Animal Care and Use Committee.
Figure 1
Evolution of hypoxic-ischemic damage in +/? and db/db mice: effect of estrogen. Female +/? and db/db mice were subjected to bilateral ovariectomy at 5 weeks of age and received 5 µg estradiol intraperitoneally in sesame oil (OVX+E), or 5 µg vehicle (OVX), daily for 12 days prior to H/I. All mice were subjected to unilateral H/I for 20 minutes as described in Methods and sacrificed at recovery intervals from 8 hours to 120 hours (5 days). Four 2-mm brain sections were frozen and 16-µm cryosections were cut before isolation of RNA for subsequent analysis (Figures 2-4 ). Sections were stained with H&E, and infarct fraction was calculated as a percentage of the contralateral hemisphere, as described in Methods. Bars represent mean infarct fraction ± SD for four to six mice per group for nondiabetic +/? (a) and db/db (b). *Significant effect of estrogen replacement, P < 0.05. Values for db/db OVX+E at 48 hours to 5 days were not different from one another and, when combined, were significantly greater than values at 24 hours (P < 0.05).
In vitro studies of BV-2 cells. BV-2 cells are an established microglial cell line originally obtained from the laboratory of Virginia Bocchini (University of Perugia, Perugia, Italy). BV-2 cells were plated on 30-mm tissue culture dishes and grown in 0.5% serum type M-CDM media for 24 hours. Media were then changed to serumfree, low-insulin (5 ng/ml) M-CDM, and cells were maintained in a quiescent state for 48 hours. Half of the cells were activated with LPS (500 ng/ml; Escherichia coli serotype 055:B5; Sigma-Aldrich) for 6 hours.
RNase protection assays. Total RNA was isolated from frozen tissue or cells using TRI reagent (Molecular Research Center Inc., Cincinnati, Ohio, USA), according to the manufacturer's instructions. RNase protection assays (RPAs) for bcl-W, bfl-1, bcl-X, bak, bax, bcl-2, and bad were performed (RiboQuant mAPO-2; PharMingen, San Diego, California, USA). Purified samples were separated using a 6% urea-PAGE sequencing gel, and the fragments were visualized by phosphorimage analysis and quantitated using ImageQuant software (Molecular Dynamics, Sunnyvale, California, USA). Gene expression was normalized to the respective levels of GAPDH mRNA.
In situ hybridization and immunohistochemical studies. A 663-bp mouse bfl-1 cDNA probe (15) was cloned by PCR from a mouse kidney library using primers 5′-TTC-CAACAGCCTCCAGATATGATTAGGG and 5′-CGTGGGAGC-CAAGGTTCTCTCTGGTCCG. This probe was used to generate 35 S-labeled riboprobes for in situ hybridization as previously described (16) . 35 S-labeled riboprobes for IGF-1 were synthesized from a linearized plasmid containing a partial cDNA insert to rat IGF-1 (17) . Following the initial autoradiographic exposure, cell-specific expression was analyzed by immunohistochemistry (18) with mouse monoclonal glial fibrillary acidic protein (GFAP) for astrocytes or neuron-specific TG2 antibody (provided by Steven Levison, Penn State Milton S. Hershey Medical Center, Hershey, Pennsylvania, USA, and Peter Davies, Albert Einstein Medical College, New York, New York, USA, respectively) using the ABC Elite kit (Vector Laboratories Inc., Burlingame, California, USA) with diaminobenzidine (Sigma-Aldrich). Lectin staining was performed using GSA I-B 4 Griffonia lectin (SigmaAldrich) as previously described (19) . All sections were then dried, dipped in Kodak NTB-3 photographic emulsion (Eastman Kodak Co. Scientific Imaging Systems, New Haven, Connecticut, USA), developed, and counterstained with hematoxylin. Double immunofluorescence was performed using a primary goat anti-bfl-1 peptide antibody (1:100 dilution) (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), and a rat anti-mouse CD11b antibody as a mouse-specific marker for active microglia (1:25 dilution) (PharMingen). FITC-conjugated rabbit anti-rat IgG and lissamine-rhodamine-conjugated rabbit anti-goat IgG (Sigma-Aldrich) were used as secondary antibodies, as previously described (18) .
Isolation, detection, and quantification of bfl-1-positive microglia/macrophages. Cells were isolated according to methods previously described (20) . Briefly, mice were anesthetized with sodium pentobarbital (Nembutal; Abbot Laboratories, North Chicago, Illinois, USA) and perfused with PBS. Brains were then removed, divided into ipsilateral and contralateral hemispheres, and placed in RPMI 1640 media supplemented with 10% (vol/vol) FBS, 50 µM 2-mercaptoethanol, 2 mM glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin sulfate. Brains were dissociated by passage through a 60-gauge stainless steel mesh screen. The resulting cell suspension was layered onto a 35%/70% Percoll (Sigma-Aldrich) gradient and centrifuged at 2,000 g. Mononuclear cells and neutrophils banded at the 35%/70% interface and were collected and washed with supplemented RPMI 1640. Flow cytometric analysis of cell surface markers for microglia and macrophages was performed as described previously (21, 22 equipped with a 488-nm argon laser. Ten thousand events were counted, and microglia were differentiated from macrophages based on the levels of CD11b and CD45 expression (microglia are CD11b + CD45 low while macrophages are CD11b + CD45 high ).
Statistical analysis. Data were analyzed by Student's t test or ANOVA with Tukey analysis for multiple comparisons, and significance was assumed at P ≤ 0.05. In the case of the flow cytometric analysis, each sample represented the pool of two to three hemispheres, preventing statistical analysis.
Results
The physiologic parameters of the +/? and db/db mice are presented in Table  1 . Diabetic mice weighed significantly more than their nondiabetic littermates and were hyperglycemic with circulating blood glucose levels of 20-22 mM/l, but there was no effect of diabetes on levels of plasma estradiol. Ovariectomy reduced the level of circulating estradiol equivalently in both groups. Estradiol replacement restored circulating levels to the physiologic range but did not affect blood glucose values or body weight in either group. Thus, at the time of the H/I insult, respective OVX and OVX+E animals were equivalent except for the presence of the obese diabetic state in the db/db mice. To avoid animal variation due to stages of the estrus cycle, only OVX mice with and without estrogen replacement were subjected to H/I.
As previously described, this model of H/I in the adult mouse produces selective cell death or infarction in cortex, striatum, and hippocampus in the hemisphere ipsilateral to the ligation (4). The effects of estradiol on the evolution of the brain damage in nondiabetic and diabetic mice, expressed as infarct fraction, are depicted in Figure 1 . At all time points examined, estradiol reduced the extent of damage in the +/? mice ( Figure 1a ) to 15-20%, a level of infarction comparable to that in our previous report in intact +/? females (4). Diabetes significantly enhanced the extent of damage in both OVX and OVX+E groups, relative to their nondiabetic littermates (Figure 1b) . When mice were examined at 24 hours of recovery, estradiol treatment appeared to be neuroprotective; however, the damage continued to evolve such that no neuroprotective effect was observed at 48 hours and all diabetic mice exhibited more than 50% infarction through 5 days.
To determine whether diabetes affected the expression of the bcl-2 gene family following H/I, levels of bcl-W, bfl-1, bcl-X, bak, bax, bcl-2, and bad expression were analyzed by RPA of total RNA prepared from the tissue sections corresponding to the samples described in Figure 1 . A representative gel for cortical samples is depicted in Figure  2 . The far right lanes contain RNA prepared from BV-2 cells with and without activation by LPS. Band intensities were quantitated using phosphorimage analysis, and values were normalized against the housekeeping gene GAPDH. Levels of gene expression in pre-H/I animals were not different between +/? and db/db mice (data not shown), and there was no increase in expression in any of the genes analyzed in the contralateral hemispheres of Body weight, blood glucose levels, and plasma estrogen levels were determined in intact +/? and db/db mice at 8 weeks of age, as well as in both cohorts of mice following ovariectomy (OVX) and ovariectomy with estradiol replacement (OVX+E). A Significant effect of diabetes; B significant effect of ovariectomy, P < 0.05.
in nondiabetic animals at 8-24 hours of recovery; estradiol enhanced this effect (Figure 4a ). Bfl-1 expression remained significantly elevated throughout 5 days of recovery, with an unexplained decrease in the OVX animals at 5 days of recovery. Again, the results observed in the diabetic animals were quite different (Figure 4b ). There was no significant increase in expression in the diabetic brain until 48 hours of recovery, with no significant effect of estrogen replacement. As for Figure 3 , the results presented were from cortical samples but were not different from the results from striatum and hippocampus (data not shown).
Expression of bfl-1 in brain has not been previously reported. Thus, it was important to determine the cellular expression of this antiapoptotic family member. Bfl-1 mRNA was analyzed by in situ hybridization using cryosections adjacent to those used for determination of infarct fraction; representative autoradiograms from estradiol-treated mice are presented in Figure 5 . Consistent with the RPA data (Figure 4) , bfl-1 mRNA was apparent at 8 hours of recovery in the ipsilateral hemisphere of +/? brains, with increasing expression in striatum and cortex during recovery. The timing, extent, and pattern of bfl-1 expression in the db/db brains were clearly different, with very low levels of signal seen through the initial 48 hours, and, rather than appearing in cells throughout the affected tissue, the positive cells in the diabetic brain were predominantly at the border of the evolving infarct. To determine whether bfl-1 mRNA was further translated into protein, immunohistochemistry using an antibody to bfl-1 was performed following in situ hybridization. The higheither group following H/I; ipsilateral/contralateral ratios were calculated for each animal. Significant differences were observed for two antiapoptotic genes, bcl-2 and bfl-1, as presented graphically in Figures 3 and 4 . Bcl-2 expression was increased (i.e., the ipsilateral/contralateral ratio was significantly greater than 1) in +/? mice at both 8 and 24 hours of reperfusion, with enhancement by estradiol at 8 hours (Figure 3a) . These results were in sharp contrast to the observations in the diabetic animals (Figure 3b) , in which the H/I-induced increase in bcl-2 expression was not observed, nor was there an effect of estrogen replacement. Similar changes were observed in both striatum and hippocampus (data not shown). The bcl-2 response observed in the normoglycemic mice following H/I was in agreement with previous reports following middle cerebral artery occlusion (MCAO) (9); however, this response was absent in the db/db mice. The most prominent effect of H/I on gene expression was observed for another antiapoptotic member of the bcl-2 family, bfl-1 (Figure 4) . Bfl-1 was not detected in pre-H/I samples from either +/? or db/db brain (data not shown), and, as can be seen from the autoradiogram of Figure 2 , there was no increase in expression in the contralateral hemisphere in either +/? or db/db animals. H/I resulted in significant increases in bfl-1 expression Although the studies described above suggest that bfl-1 is primarily expressed by microglia/macrophages, they do not differentiate between expression in resident microglia and expression in invading macrophages. To this end, cells isolated from ipsilateral and contralateral hemispheres from both +/? and db/db mice at 24 and 48 hours of recovery were subjected to flow cytometric analysis and separated based on their levels of CD45/CD11b expression, with and without subsequent analysis for bfl-1 ( Figure 9 ). To obtain sufficient cell numbers to perform these studies, ipsilateral and contralateral hemispheres from two to three similarly treated animals were pooled, and thus the data in Figure 9 represent the average values for three to four hemispheres. At 24 hours of recovery, the number of microglia in the nondiabetic brain was power, bright-field photomicrograph of an emulsiondipped slide demonstrates bfl-1 mRNA and protein in the same cells ( Figure 6 ).
To determine which neural cell types express bfl-1, representative slides were analyzed by immunohistochemistry for the cell-specific markers GFAP (astrocytes), TG2 (neurons), and GSA I-B 4 (Figure 7 , e and f) (arrowheads), suggesting that bfl-1 may be restricted to microglia/macrophages. Since we recently demonstrated that IGF-1 mRNA expression is markedly increased in microglia/macrophages following H/I in the mouse brain (17), we also analyzed IGF-1 mRNA expression by in situ hybridization analysis of cryosections adjacent to those presented in Figure 5 . We observed a strikingly similar pattern of distribution between IGF-1 mRNA and bfl-1 mRNA, with IGF-1 appearing in cortex and striatum of +/? mice as early as 24 hours after H/I (data not shown) and achieving a robust level of expression by 3-5 days (Figure 8 ). IGF-1 mRNA was barely detectable in the db/db brain during the early intervals of reperfusion (data not shown) and was only apparent in association with the edge of the Figure 1 ) were analyzed for bfl-1 mRNA expression by in situ hybridization using 35 S-labeled riboprobes, as described in Methods. Shown are autoradiograms of representative coronal sections at the level of the striatum for OVX and OVX+E, +/? and db/db. +/? mice, but not in their type 2 diabetic counterparts; (b) that estrogen stimulates post-H/I bcl-2 expression in normoglycemic but not diabetic db/db mice; (c) that bfl-1 is expressed in brain microglia following H/I; and (d) that the microglial response to H/I is reduced in the diabetic brain. These findings have significant implications for both the efficacy of estrogen administration in diabetic females, and the role of microglia and macrophages in the recovery from stroke in diabetic, as well as nondiabetic, animals.
The protective effect of estrogen administration in experimental models of ischemic stroke is well established (8, 23) . However, whether estrogen-mediated protection extends to the diabetic is still controversial (4, 24, 25) . In the BB rat, a genetic model of type 1 diabetes, male diabetics sustained greater infarcts following transient MCAO, despite insulin-controlled normoglycemia, and chronic estrogen treatment was neuroprotective in these diabetic animals (24) . In the same study, diabetes did not increase the extent of infarction in normoglycemic, intact, female BB diabetic rats, relative to nondiabetic females. However, damage was evaluated at only 24 hours of recovery, and the possibility of a further evolution of infarction, as seen in the present study ( Figure  1b) , was not investigated. More recently, the efficacy of approximately twice that in the diabetic animals, with a comparable increase in the number of bfl-1-positive microglia in these animals ( Figure 9, a and c) . The number of microglia detected did not appreciably change by 48 hours, except for a sharp reduction in the contralateral hemisphere of the nondiabetic mice. This finding is in sharp contrast to the patterns observed for macrophages ( Figure 9, b and d) . Invading macrophages were minimally detected in the nondiabetic brains at either 24 or 48 hours, and bfl-1-positive macrophages were even fewer, consistent with less damage and no breakdown of the blood-brain barrier. However, in the diabetic brains, by 48 hours there was a dramatic increase in the number of macrophages in the damaged hemisphere as well as an increase in the number of bfl-1-positive macrophages. These observations are consistent with the temporal detection of bfl-1 expression (Figure 4 ) and its localization to the border of the infarct as part of the gliotic scar ( Figure 5) .
Finally, to address whether bfl-1 expression is increased by stimulation of microglia, bfl-1 expression was investigated in the BV-2 microglial cell line, both with and without activation by LPS. The expression of the bcl-2 family members in these cells after 6 hours of LPS stimulation is presented in the two right lanes of Figure 2 . The quantitation of bfl-1 revealed a sixfold increase in expression (data not shown). Both the expression of bfl-1 by a microglial cell line, and the rapid increase in this expression with LPS stimulation, add more support to the contention that rapid expression of the antiapoptotic bfl-1 is a component of the microglial response to activation.
Discussion
The four major findings of this study are (a) that estrogen administration is protective against hypoxicischemic brain damage in normoglycemic C57BL/KsJ Figure 5 was translated into protein, select slides were subjected to immunohistochemical analysis of bfl-1 protein expression. Positive mRNA signal was visualized by epiluminescent microscopy (green), and protein was visualized with diaminobenzidine (brown). Scale bar: 50 µm. estrogen administration in females was evaluated following transient MCAO in another model of type 1 diabetes, the streptozotocin rat (25) . Evaluation of neurologic function and damage at 72 hours of recovery following a short period of occlusion (20 minutes) suggested that estrogen replacement actually exacerbates the effects of the stroke. However, there were no comparisons with nondiabetic females or males similarly treated to determine whether endogenous circulating hormones are protective in the intact diabetic female.
Clinically, stroke is more prevalent in patients with type 2 diabetes (26, 27) , and the genetically hyperinsulinemic/hyperglycemic db/db mouse used in the studies presented here is an accepted model of type 2 diabetes. We previously reported that although diabetes worsened hypoxic-ischemic brain damage in males and females, both female control and db/db mice were significantly protected relative to their male counterparts (4) . In the present study, we specifically investigated the role of hormonal removal by ovariectomy, followed by estrogen replacement. Hypoxic-ischemic damage was exacerbated by ovariectomy in nondiabetic +/? mice, and this was reversed by estrogen administration. Estrogen-induced neuroprotection was observed as early as 8 hours of reperfusion and was maintained through 5 days, with no further increase in infarct fraction beyond 24 hours (Figure 1a) . These results are consistent with previous reports following MCAO in nondiabetic mice and rats (28, 29) and, importantly, support a lasting neuroprotective effect of estrogen in the nondiabetic female. Hypoxic-ischemic damage in the db/db was also exacerbated by ovariectomy, resulting in nearly total infarction in the ischemic hemisphere. Although estrogen administration did appear to protect the diabetic female brain during the first 24 hours of recovery, the damage continued to evolve during the next 24 hours, rendering both OVX and OVX+E diabetic groups equally damaged at 2-5 days ( Figure  1b) . These results suggest that there may have been an acute protective effect of estrogen administration, albeit insufficient to overcome the deleterious effect of diabetic hyperglycemia on delayed cell death.
Several mechanisms have been proposed to underlie estrogen-mediated neuroprotection, including both vascular, i.e., perfusion-dependent, and perfusion-independent effects (reviewed in refs. 8, 30) . Estrogen is a potent vasodilator, and preservation of CBF has been demonstrated in several experimental models of global ischemia. However, end-hypoxic-ischemic CBF is not different among male and female, +/? and db/db mice,
Figure 8
Bfl-1 and IGF-1 mRNA in +/? and db/db brains following H/I. Sixteen-micrometer cryosections adjacent to those analyzed for infarct fraction (depicted in Figure 1) were analyzed for IGF-1 mRNA expression by in situ hybridization using 35 S-labeled riboprobes, as described in Methods. Shown are autoradiograms of representative coronal sections adjacent to sections analyzed for bfl-1 mRNA at the level of the anterior hippocampus (top row) and striatum (bottom row) in +/? and db/db (OVX+E) mice at 5 days of recovery from H/I.
Figure 9
Flow cytometric analysis of microglia and macrophages in +/? and db/db mice following H/I. Mice underwent H/I, and brains were removed 24 and 48 hours after surgery. Brains of both +/? and db/db mice were divided into damaged (ipsilateral) and undamaged (contralateral) hemispheres. Mononuclear cells from the pooled hemispheres of two to four mice per group were isolated by a Percoll gradient and processed for simultaneous detection of CD11 and CD45, with bfl-1, as described in Methods. indicating that vascular effects are not the basis for estrogen-mediated neuroprotection in this model (4) . Of the several potential perfusion-independent mechanisms, stimulation of bcl-2 expression, presumably accompanied by inhibition of apoptotic cell death, has been highlighted (9, 10) . A recent report demonstrated that estrogen administration enhanced the normally occurring increase in bcl-2 mRNA and protein levels observed in penumbral neurons following MCAO in rats, and that ischemic damage in female mice that overexpressed neuronal bcl-2 was not worsened by ovariectomy (9). Our original hypothesis was that a bcl-2-mediated antiapoptotic mechanism is relevant in the female diabetic brain, since early studies in male rats reported that hyperglycemia exacerbated postischemic brain damage by an ongoing expansion of cell death in the penumbra (11, 13, 31) . Consistent with previous reports (9, 10), bcl-2 levels increased in the ipsilateral hemisphere of nondiabetic mice at 8 and 24 hours following H/I, and estrogen-mediated neuroprotection was associated with enhancement of this effect ( Figure  3a) . A comparable increase in bcl-2 levels was not observed in the female db/db brain (Figure 3b ), although whether this was due to a defect in estrogen signaling or due to another effect of the diabetic/hyperglycemic state is beyond the scope of this study.
The other major -and, to our knowledge, completely novel -finding of this study is expression of another antiapoptotic member of the bcl-2 family, bfl-1, in cells characteristic of microglia/macrophages. H/I induced bfl-1 expression by 8 hours of reperfusion in the nondiabetic female brain, and estrogen administration enhanced this effect. Similar to the response of bcl-2, bfl-1 expression in the diabetic brain was not induced during the initial 24 hours of recovery, and there was no effect of estrogen administration. Bfl-1 was later induced in the diabetic brain, but not until 48 hours following the insult, when the infarct was fully developed. The results presented in the in situ hybridization autoradiograms ( Figure 5 ) support an additional difference between bfl-1 expression in the +/? and that in the db/db brain. bfl-1-positive cells were evident early in reperfusion throughout the ischemic hemisphere in the nondiabetic brain, whereas the delayed expression seen in the diabetic brain was detected in cells that surround the border of the infarct, indicative of a gliotic scar.
Bfl-1 is a relatively newly described antiapoptotic member of the bcl-2 gene family, which encodes a 175-amino acid polypeptide, originally cloned from mouse bone marrow (15) . In normal tissues, bfl-1 mRNA is detected only in bone marrow, lymphoid organs, peripheral leukocytes, and lung (32) (33) (34) and is overexpressed in human epithelial and hematopoietic malignancies (35, 36) . Bfl-1 is robustly induced in myeloid and endothelial cells in vitro following activation by the proinflammatory stimuli TNF-α and IL-1β and has been shown to protect these cells from apoptosis (33, (37) (38) (39) . Bfl-1 lacks the necessary hydrophobic carboxyl-terminal region to interact with mitochondria directly but exerts its antiapoptotic effect by binding to Bid, a proapoptotic BH3 domain-only protein, and remaining bound even after activation and cleavage by caspase-8, thus preventing formation of the proapoptotic complex and release of cytochrome c (40) . Bfl-1 expression may be directly regulated by the transcription factor NF-κB (33, 41, 42) , which is activated in microglia in response to TNF-α production (43) . The present study is, to our knowledge, the first report of bfl-1 expression in the brain, and the localization of bfl-1 to microglia is consistent with its expression in cells of the monocyte/macrophage lineage. The early (8 hours) appearance of bfl-1, especially in the less damaged brains, which would be expected to have less breakdown of the blood-brain barrier, supports primary expression in resident microglia (44) . Flow cytometric analysis of bfl-1-positive cells (Figure 9 ) confirms the early microglial expression in postischemic brain from +/? mice, observed in association with tissue recovery in these animals. If such microglial activity represents a neuroprotective function, then the lack of this activity in the postischemic brain from the db/db mice suggests a major diabetes-related difference in ischemic response. The delayed bfl-1 seen in the diabetic brain is due to invading macrophages in association with infarction. Studies of pro-and antiapoptotic activity in ischemic brain have routinely focused on neurons. However, the expression of the antiapoptotic protein bfl-1 in microglia suggests that resistance to pro-death stimuli active in the postischemic cerebral environment is important in this cell population as well.
It has been widely accepted that the presence of activated microglia indicates neurodegeneration and death. However, there is growing evidence both in vitro and in vivo that microglia, components of the endogenous immune system of the brain, serve neuroprotective functions as well (45) . Microglia in vitro can secrete growth factors, such as bFGF and nerve growth factor, which are known to enhance survival and neurite outgrowth of different types of CNS neurons (46, 47) . We recently demonstrated an upregulation of IGF-1 expression in microglial cells following H/I and further demonstrated that IGF-1 is a potent mitogen for microglia. These findings support an autocrine/paracrine role for this growth factor in the ischemic brain (17) . We have now confirmed the same pattern of IGF-1 mRNA expression in the postischemic nondiabetic brain and have demonstrated that this pattern closely corresponds to bfl-1 expression (Figure 8) . Thus, it is likely that microglia can respond to a period of cerebral ischemia by increasing their expression of bfl-1 and IGF-1, resulting in a self-protection from apoptotic cell death and perhaps providing neuroprotection. The enhancement of the bfl-1 response by estrogen treatment suggests another potential neuroprotective mechanism for this steroid hormone. Microglia express the ER-β estrogen receptor (48) , and microglia in the hypothalamus are activated during the estrous cycle or in response to a single estradiol injection (49) . Equally, the failure of an early microglial response in the diabetic brain may contribute to increased infarction.
The question then arises as to why microglia in the diabetic brain do not express bfl-1 or IGF-1 in response to H/I. The answer can best be appreciated in the context of more common complications of diabetes. Frequent complications of both type 1 and type 2 diabetes include increased susceptibility to infection and impaired wound healing, both of which have been attributed to defects in peripheral macrophage function (as discussed in ref. 50 and references therein). Specific defects in peritoneal macrophages isolated from db/db mice include altered morphology, reduced release of both VEGF and cytokines following LPS stimulation, and reduced phagocytosis (50) . Dermal wound healing is impaired in diabetic animals (51, 52) , and the close resemblance to what is seen in macrophagedepleted animals (53) led to the hypothesis that macrophages contribute cytokines and growth factors essential to proper tissue repair. IGF-1 mRNA and protein are both delayed and reduced in peripheral wounds in db/db mice (54), which is similar to the situation we observed in the postischemic db/db brain (Figure 8) . The defects in nonspecific immunity observed in these mice have been attributed to the central role of leptin in mediating the immune response and the lack of functional leptin in these metabolic syndromes (reviewed in ref. 51) . Leptin administration ameliorates the delay in dermal wound healing in the leptin-deficient ob/ob mouse, but not in the db/db mouse, which lacks a functional leptin receptor (55) . Leptin has been shown to have both proliferative and antiapoptotic effects on a variety of cell types, including human and murine T lymphocytes (56) and murine thymocytes (57) . It is tempting to speculate that leptin may similarly affect microglia in the early stages of recovery from cerebral H/I and thus be involved in a neuroprotective function of the immune cells of the brain. Although specific deficits in leptin levels or signaling were first characterized in ob/ob and db/db mice, similar deficits are characteristic of diabetes in general (58) . A delayed bfl-1/gliotic response was observed in streptozotocin-treated diabetic rats following permanent MCAO (I.A. Simpson and S.J. Vannucci, unpublished observations), indicating that impaired microglial/ macrophage response following stroke is characteristic of other forms of diabetes as well. A defect in the peripheral macrophage response in the diabetic could be assumed based on the above-mentioned studies, but the results presented here lead to the novel hypothesis that there is a defect in the brain microglial response, and specifically a potentially neuroprotective response, that exacerbates ischemic damage in the diabetic.
In conclusion, this study has addressed the complex interaction of diabetes and estrogen treatment in a mouse model of cerebral H/I. We demonstrate that estrogen treatment is not protective in the OVX db/db mouse, as it is in the +/? controls. The failure of estrogen to protect the diabetic brain relates, at least in part, to a failure of the antiapoptotic bcl-2 response and increased infarction. The additional novel finding of this study is the detection of another antiapoptotic protein, bfl-1, in activated microglia as part of an early response in post-H/I brain in +/? but not in diabetic mice. In contrast, bfl-1 is observed in the post-H/I diabetic brain in association with invading macrophages after the infarct is established. Exogenous estrogen promotes the former, potentially neuroprotective, microglial response, but not the latter macrophage response. The expression of bfl-1 in microglia may offer a new tool to study the function of these cells in brain injury. Furthermore, the diabetes-associated delay in microglial activation, as indicated by bfl-1 induction, may indicate that impaired microglial function contributes to more extensive damage in the diabetic brain.
